which was related to higher DM of the dominant weeds Stellaria media and Sinapsis arvensis. Grass weed DM was higher under non-inversion tillage than CT. N fertilisation increased midseason total weed DM and weed prevalence at harvest. Spring wheat yield was the highest under CT while LINiT produced 17% higher yields than HINiT. Despite higher but still tolerable weed prevalence under both non-inversion tillage systems and with the application of N, weeds alone was not the only yield-limiting factor. However, results show that CT is the most reliable option for weed control in changing weather, while N fertilisation rates needs to be considered.
Introduction
Weed infestation is a major yield-limiting factor for UK wheat production (Turley et al., 2003) , in particular organic farming (Turner et al., 2007; Vijaya Bhaskar et al., 2014a) .
Tillage is one of the main methods to reduce weed pressure (Ozpinar, 2006) , while it can also prepare an ideal seedbed for crop germination, growth and development (Gajri et al., 2002) .
Tillage often modifies weed abundance and species composition in crops by changing the seed distribution both vertically and horizontally; affecting the seeds viability, emergence and seedling survival (Chauhan, 2013; Håkansson, 2003) . Tillage also dismembers vegetative structure of perennial weeds, and thereby stimulates bud growth and depletes their food reserves (Streit et al., 2002; Swanton et al., 2000) . Due to this effect, ploughed soils commonly present a lower incidence of perennial grass weeds compared with less disturbed soils under reduced tillage (Demjanová et al., 2009) . Inverting soil, however, can relocate buried seeds back to the topsoil (Colbach et al., 2006; Håkansson, 2003) , often breaking seed dormancy and allowing seed germination, particularly of broadleaf weeds which have greater longevity and marked dormancy (Froud-Williams et al., 1983) . Under reduced tillage F o r P e e r R e v i e w practices, weed seeds are mostly left on the surface and distributed less down the soil profile due to reductions in soil disturbance, increasing germination and seedling survival of small seeded weeds (Ball, 1992; Nalewaja, 2001 ).
Development of herbicides has diminished the historic reliance on tillage systems for primary weed control (Nalewaja, 2001) . However, a rising number of weeds resistant to a wide range of herbicide active ingredients have also been identified in the UK (Davies & Finney, 2002) , increasing interest in the complementary use of cultivation techniques and herbicide applications, towards a more integrated weed control strategy (Finch et al., 2014) .
For instance, the use of pre-crop emergence herbicides under reduced tillage controls weed seedlings at the soil surface (Calado et al., 2010) . However, integration of tillage systems and herbicide can often alter herbicide's effectiveness for weed control, mainly related to soil residues cover intercepting the herbicide (Buhler, 1995; Chauhan, 2013; Vijaya Bhaskar et al., 2014b) . Emphasising tillage influences on weed control is important in selecting an effective herbicide, with the associate costs also affecting profitability of the crop enterprise (Sayili et al., 2006) .
Nitrogen (N) fertilisation modifies soil fertility directly, affecting not only crop growth but also weed density and composition (Jørnsgård et al., 1996; Yin et al., 2006) . Weed growth can, however, also be indirectly influenced by N fertilisation by promoting faster growth of the crop, which in turn can increase crop competitiveness against weeds, resulting in the reduction of weed species number and biomass (Tang et al., 2013) . Conversely, weed growth can response positively to N fertilisation possibly due to differential N-use efficiently compared with the crop (Sheibani & Ghadiri, 2012) . Among weed species, N response also greatly differs (Yin et al., 2006) . In a long-term experiment, Moss et al. (2004) reported that Stellaria media L. was highly favoured by N-rich conditions while other species, e.g.
Medicago lupulina L., were highly disadvantaged. The aim of the current field experiments F o r P e e r R e v i e w was to evaluate, within the scope of a transition from a long established organic farming system, contrasting tillage systems combined with different N fertilisation rates influences on weed infestation in the context of competitiveness and performance of spring wheat yield in a clay soil in the UK. Weed species composition, total weed biomass and prevalence were studied.
Material and methods

Site description
Field experiments were established from March to August 2013 and 2014 at the Royal Agricultural University's Harnhill Manor Farm, Cirencester, UK (51°42'N, 01°59'W) at an altitude of 135 m above sea level. The land was managed organically since 1983 and the soil series (SSEW) was Evesham with a clay texture (23% sand, 38% silt, 40% clay). Table 1 shows the initial soil physiochemical properties measured before the experiments were established (March 2013). Table 2 . The amount of crop residues left on the soil surface were CT 0%; HINiT <30%; and LINiT >30%.
Main plots were divided into four fully randomised split plots (7.5 m × 100 m) of mineral nitrogen (N) fertiliser application rates of 0 (N0), 70 (N70), 140 (N140) and 210 kg N ha -1 (N210 applied across all the plots.
Plant sampling
Weeds were hand-harvested using 0.25 m 2 random quadrats for each split-plot with three replications. Dry weight (DM) yield was recorded after drying samples at 105°C overnight.
Assessments were conducted on/before wheat GS31 (early assessment) and on/after GS61 (midseason assessment). At midseason assessment, weed species were separated and grouped 
Results
Season effect on weed biomass and spring wheat yield Weed biomass significantly varied between the seasons (Table 3 ). Early weed DM was significantly higher in 2014 compared with 2013, while midseason total weed biomass and broadleaf weed DM were significantly higher in 2013 than in 2014. Grass weed DM was not significantly influenced by year. At harvest, total weed biomass and spring wheat grain yield were significantly higher in 2013 compared to 2014 (Table 3) .
Influence of tillage on weed biomass and wheat grain yield production Early weed DM was significantly affected by tillage, with HINiT resulting in higher biomass compared to CT and LINiT (Table 3 ). There was a significant year × tillage interaction affecting early weed DM (Table 3 ). In 2014, HINiT resulted in higher early weed DM (Figure 2 ). At midseason, HINiT resulted in significantly higher total weed DM and broadleaf weed DM compared to LINiT, followed by CT (Table 3) . CT resulted in lower midseason weed DM and broadleaf weed biomass in 2014 than in 2013, while no differences were observed between years on HINiT and LINiT (Figure 2 ). Grass weed DM was significantly higher under HINiT and LINiT than under CT (Table 3) . Total weed biomass at harvest was significantly affected by tillage and year × tillage interaction effect, resulting in higher DM under HINiT and LINiT compared to CT across both years (Table 3; Figure 2 ).
Spring wheat grain yield was significantly affected by tillage and year x tillage interaction (Table 3 ). Significant higher grain yield was produced by CT than LINiT and followed by HINiT (Table 3 ). In 2013, grain yields under LINiT were higher than HINiT and statistically similar to those under CT, while in 2014 CT resulted in higher grain yield than HINiT and LINiT (Figure 2) .
Influence of N management on weed biomass and wheat grain yield production N fertilisation did not significantly affect early weed biomass (Table 3) . Total midseason and broadleaf weed DM was significantly lower under unfertilised conditions compared to any N rate applied (Table 3) . Grass weed DM was higher at high rates of N applied, such as 140 and 210 kg N ha -1 , compared to lower N rates (Table 3) . N fertilisation significantly affected total weed DM at harvest and spring wheat grain yield (Table 3) . Lower weed DM at harvest was observed under unfertilised conditions than when N was applied. Grain yield ranged from 4.25 to 5.02 t ha -1 as affected by N fertilisation, with higher yield produced with application of 140 and 210 kg N ha -1 (Table 3) . Table 4 -were significantly affected by the management practices, while other species were not significantly affected or occurred too infrequently to permit treatment effects to be appropriately tested.
There was a significant year effect on all dominant weed species (Table 5 ). In 2013,
Stellaria media, Fallopia convolvulus, Lolium perenne, and Avena fatua biomass was significantly higher than in 2014, while Sinapsis arvensis, Galium aparine and Avena sativa DM was higher in 2014 than in 2013 (Table 5 ). Significant tillage effects on all dominant weed species were observed except on Avena spp. Stellaria media and Sinapsis arvensis biomass was higher under HINiT compared with CT and LINiT (Table 5) . Fallopia convolvulus and Lolium perenne biomass was significantly higher under LINiT compared to
HINiT and CT, while Galium aparine DM was significantly higher under LINiT than HINiT, followed by CT (Table 5) . (Table 5 ). Higher Stellaria media DM was produced when 70 kg N ha -1 was applied, particularly when compared to unfertilised conditions and to 210 kg N ha -1 applied (Table 5) 
Stellaria media
Discussion
Season effect on weed biomass and spring wheat yield High weed prevalence, and its negative impacts on organic cereal crop performance on this field site have previously been reported (Cosser et al., 1996a (Cosser et al., ,b, 1997 Vijaya Bhaskar et al., 2014a,b) . To overcome this challenge, a pre-cultivation herbicide glyphosate was applied across the experimental site on both 2013 and 2014 seasons. However, the legacy of high weed pressure from the formerly organic management resulted in greater weed prevalence in 2013, following the herbicide application and dry weather conditions. In contrast, 2014 was the second year with herbicide inclusion exerting greater effect on controlling weeds at (2012) also reported that even though a high weed density was observed there was no evidence that weeds alone were restricting main crop yield. Wheat yield was, therefore, the result of complex interactions between seedbed conditions, weed pressure and weather conditions (Rial Lovera, 2015) .
Influence of tillage on weed biomass and wheat grain yield production
The current study shows that the effectiveness of tillage in controlling weeds is also much influenced understandably by weather conditions across the seasons. Under relatively warm and drier conditions experienced in 2013, the tillage relevance in controlling early weed Although, the approach employed for the herbicide application did not allow the specific impact on weed dynamics to be tested, it is possible to speculate on its relative effect on weed occurrence. Mavunganidze et al. (2014) reported that a broad-spectrum herbicide such as glyphosate controls both grass and broadleaf weed species. In the present study, however, grass weed biomass was lower compared with broadleaf weeds following herbicide application, as reported elsewhere (Ewald & Aebischer, 2000; Marshall & Nowakowski, 1996) .
Broadleaf weeds mainly accounted for differences between tillage treatments in the total weed DM, as Demjanová et al. (2009) also reported. This was observed as HINiT resulted in higher total weed and broadleaf weeds DM than LINiT and CT. Clements et al. (1996) and Swanton et al. (2000) also reported greater incidence of this weed group under reduced tillage. Due to rainfall conditions, crop sowing operations were slightly later in both years, which could have allowed the emergence, after herbicide application, of the weeds retained in soil under non-inversion tillage. This condition combined with increases in soil disturbance intensity is the possible reason for high biomass of short-lived annual broadleaf weeds under HINiT. Higher presence of soil residue cover under LINiT can create Streit et al., 2002) .
Weed prevalence at harvest was promoted by non-inversion tillage treatments in both years compared with CT. Weeds that escaped foliar contact herbicide were likely to grow, but the subsequent soil inversion under CT is thought to have reduced weed presence across the seasons, as also reported elsewhere (e.g. Nakamoto et al., 2006; Santín-Montanyá et al., 2013) . This situation also provided a head-start for the crop, such that it can effectively compete with later-emerging weeds.
Spring wheat grain yield was higher under CT showing an inverse relationship between lower weed prevalence and crop performance. Others (e.g. (Gruber et al., 2012; Yagioka et al., 2015; Fernández-Getino et al., 2015) also reported that lower weed pressure under CT can be one of the factors allowing higher grain yields compared with reduced tillage practices. Wheat yield under LINiT, however, was higher than under HINiT despite similar weed prevalence observed. This confirms, as expected, that weed pressure is not the only yield-limiting factor under reduced tillage systems, as also reported by Gruber et al. (2012) .
Influence of N management on weed biomass and wheat grain yield production N fertilisation significantly increased midseason total weed DM, and weed prevalence at harvest which is consistent with others (e.g. Blackshaw et al., 2005; Lal et al., 2014) . N fertilisation caused shifts in weed species, with grass weeds more advantaged under N-rich conditions in both years, while broadleaf weeds biomass increased when N was applied regardless of rate. However, broadleaf weeds were more relevant than grass weeds, showing higher weed biomass as Maskell et al. (2010) and Storkey et al. (2011) have also reported. The increase of Fallopia convolvulus and Galium aparine DM under LINiT is perhaps the result of less competition with other dominant weed species which were more common 
Conclusions
Although weed community response to tillage was specific to year-to year weather and soil conditions, some overall conclusions are possible. Conventional plough-based tillage (CT) controls weeds better. In contrast, High Intensity Non-Inversion Tillage (HINiT) promotes infestations by broadleaf weed species rapidly increasing the total weed biomass, even when broad-spectrum herbicide is applied. This disadvantage can negatively affect wheat production. Hence, rotational use of reduced tillage practices, such as Low Intensity Noninversion Tillage, into CT systems may be a practical way to increase their adoption for more sustainable cereal production. The risk of increased weed pressure when applying N fertilisation can be reduced by lowered N rates in the field.
Acknowledgement
Financial support from the Royal Agricultural University for the studentship is greatly acknowledged. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
